1. Introduction {#sec0005}
===============

Photoacoustic imaging (PAI) is a biomedical imaging modality based on laser-generated ultrasounds that has gained attention particularly over the last decade \[[@bib0005],[@bib0010]\]. Of relevance, the most recent advancement in the PAI filed has been the development of Multispectral Optoacoustic Tomography (MSOT), in which the sample is irradiated (in a tomographic setup) with multiple wavelengths, allowing it to detect ultrasound waves emitted by different photoabsorbing molecules in the tissue, whether endogenous (oxygenated and deoxygenated hemoglobin, melanin) or exogenous (imaging probes, nanoparticles). Computational techniques such as spectral unmixing deconvolute the ultrasound waves emitted by these different absorbers, allowing each emitter to be visualized separately in the target tissue \[[@bib0015],[@bib0020]\]. While the detection of endogenous chromophores has already been exploited in clinical settings (*i.e.*, Hemoglobin), the development and bench-to-bedside translation of exogenous agents is still lacking \[[@bib0025]\]. Fluorescent dyes developed for Optical Imaging (OI) applications can be exploited for PAI, particularly those with a high molar extinction coefficient and low fluorescence efficiency, as the non-radiative conversion of light energy to heat is maximized \[[@bib0030]\]. Indeed, the heptamethine cyanine dye Indocyanine green (ICG), clinically available for fluorescence angiography and liver function assessment by OI, is currently being evaluated off-label for photoacoustic imaging applications \[[@bib0035]\]. In recent clinical trials on melanoma patients \[[@bib0040],[@bib0045]\], ICG was evaluated non-invasively using fluorescence imaging and multispectral optoacoustic tomography (MSOT) to detected non-invasively sentinel lymph nodes after intradermal injection in proximity of the primary tumor. While fluorescence imaging revealed only superficial nodes, PAI picked up ICG-positive lymph nodes up to a depth of 5 cm \[[@bib0040]\]. *In vivo* PAI of sentinel lymph node using ICG revealed comparable results with the gold standard ^99m^Tc lymphoscintigraphy. The detection of metastatic melanoma lymphnode mapping using the photoacoustic signal of endogenous chromophore melanin granted 100% sensitivity compared to histopathology, but only 48% and 62% specificity *in vivo* and *ex vivo*, respectively \[[@bib0040]\]. This study showed that a non-invasive approach using photoacoustic imaging could reduce the number of patients with negative sentinel lymph nodes subjected to surgical excision. However, the specificity is still limited, probably due to the lack of a cancer-specific tracer able to discriminate between tumor and healthy tissues, as already reported in studies based on fluorescence imaging \[[@bib0050],[@bib0055]\]. Integrins are adhesion proteins present at basal levels in normal tissues but are overexpressed in several types of cancer, particularly during tumor neoangiogenesis, \[[@bib0060],[@bib0065]\]. Molecular imaging of integrins (*i.e.*, α~v~β~3~, α~v~β~5~) has been extensively exploited for cancer detection, and several targeted contrast agents have been proposed for PET \[[@bib0070]\], MRI \[[@bib0075]\], ultrasound \[[@bib0080],[@bib0085]\] and optical/photoacoustics imaging \[[@bib0090],[@bib0095]\]. Small integrin-targeting near-infrared fluorescent probes carrying the detection moiety Arg-Gly-Asp (RGD) were proposed in the last years for *in vivo* cancer detection, but mainly for fluorescent imaging application \[[@bib0090], [@bib0095], [@bib0100], [@bib0105]\]. Given the greater penetration depth capabilities of PAI compared to optical imaging, PAI may allow to image deeper tumor lesions, to detect non-invasively deep metastatic lymph node, and to facilitate the identification of residual disease underneath the tissue surface during surgery \[[@bib0110]\]. Therefore, targeted photoacoustic imaging could be a valid approach to increase specificity of detection particularly in those applications where near-infrared fluorescence imaging is suboptimal. To this purpose, a novel integrin-targeting photoacoustic probe was synthesized to combine the good photoacoustic properties of ICG and the favourable α~v~β~3~-binding capabilities of a cyclic RGD peptidomimetic moiety previously used for fluorescence imaging \[[@bib0115],[@bib0120]\]. Here, the physicochemical properties (including albumin-binding properties), biodistribution and imaging performance of this novel contrast agent for photoacoustic imaging of cancer were evaluated and directly compared to ICG both *in vitro* and *in vivo*.

2. Material and methods {#sec0010}
=======================

2.1. Synthesis and characterization of ICG-RGD {#sec0015}
----------------------------------------------

ICG-NHS ester (10 mg, 0.012 mmol, Intrace Medical) was first dissolved in dry N*,N-*Dimethylformamide, and then mixed with the peptidomimetic azabicycloalkane integrin-binding vector am‐cRGD \[[@bib0115]\] (10 mg, 0.0186 mmol). After 24 h stirring in the dark, HPLC analytical control (YMC-Triart Phenyl column 250 × 4.6 mm 5 μm, 50--100% of acetonitrile in ammonium acetate buffer) was performed. The solution was then evaporated to obtain a green powder. A further purification was performed on reverse phase HPLC (Lichrosorb RP-8 250 × 25 mm 7 μm, 30 mL/min, with a gradient of ammonium acetate -- acetonitrile, UV detection at λ = 780 nm). The solution was then evaporated and lyophilized three times. To characterize the product an HPLC-MS analysis was performed (YMC-Triart Phenyl 250 × 4.6 mm 5 μm, column temperature 40 °C, flow 1 mL/min, ammonium acetate and acetic acid and ACN). Data were processed using Xalibur software for qualitative and qualitative analysis. Purity was calculated from the area under the curve of the peaks detected at λ = 787 nm.

2.2. Cell line and animal models {#sec0020}
--------------------------------

Human glioblastoma cells (U-87MG), human epidermoid carcinoma (A431) and melanoma (WM-266) cells were supplied by ATCC. U-87MG and WM-266 cells were cultured in EMEM medium, A431 cells were cultured in DMEM high glucose medium; both media were supplemented with 10% FBS, 2 mM glutamine, 100 IU/mL penicillin and 100 μg/mL streptomycin. BALB/c nu/nu mice were provided by Charles River Italia Laboratories. Under isoflurane anaesthesia, mice were subcutaneously implanted in the right flank with either five million of A431 cells or two million of U-87MG cells. Imaging experiments were performed approximately 14 days after cells implantation. All the procedures involving the animals were conducted according to the national and international laws on experimental animals (L.D. 26/2014; Directive 2010/63/EU).

2.3. Imaging systems {#sec0025}
--------------------

The photoacoustic instrument used for this work was the VevoLAZR 2100 (Visualsonics), equipped with a transducer (Vevo LAZR LZ250) with a broadband ultrasound frequency of 13 MHz--24 MHz, producing an axial resolution of 75 μm. The optical imaging experiments were performed on IVIS Instrument SPECTRUM (Perkin Elmer), equipped with a CCD camera and a series of excitation (ex) and emission (em) filters. To image ICG and ICG-RGD, the optimal filter pair were 745 nm (ex) and 820 nm (em).

2.4. *In vitro* characterization {#sec0030}
--------------------------------

Dye solutions were freshly prepared by dilution in glucose solution 5.5% (for ICG-RGD, 5% DMSO was added to facilitate the solubilisation) and incubated (1 h, RT) in human serum (Seronorm^TM^, HSA concentration: 47.8 g/L). A dual-beam Perkin Elmer Lambda 40 UV-VIS spectrophotometer was used to register the absorption spectra. The absolute fluorescence quantum yield measurements were carried out on the FluoroLog-3 1IHR-320 spectrofluorometer equipped with an F-3018 integrating sphere accessory (Horiba Jobin Yvon). The sample was excited with a 450 W Xenon Light Source at maximum absorption wavelength (780 nm). Detection was performed by cooled photomultiplier tubes (PMT-NIR). Dye solutions had an absorbance lower than 0.1 \[[@bib0125]\].

In order to evaluate the dye-HSA (lyophilized powder ≥97%, Sigma-Aldrich) binding constants, the UV-VIS spectra in the wavelength region 600--900 nm of dye solutions with increasing concentrations of HSA (0--225 μM) were recorded after incubation (1 h, RT). To extrapolate the association constant (K~A~), the maximum absorbance of the dye-HSA complex at different HSA titrations was used to fit the equation reported below:$$Abs = \frac{Ka\,\left\lbrack A \right\rbrack_{TOT} + Ka\,\left\lbrack B \right\rbrack_{TOT} + 1 - \sqrt{{(Ka\,\left\lbrack A \right\rbrack_{TOT} + Ka\,\left\lbrack B \right\rbrack_{TOT} + 1)}^{2} - 4Ka^{2}\,\left\lbrack A \right\rbrack_{TOT}\left\lbrack B \right\rbrack_{TOT}}}{2Ka} \times \,\,\left( {\varepsilon_{AB} - \varepsilon_{B}} \right) + \varepsilon_{B}{\lbrack B\rbrack}_{TOT}$$Where Abs is the measured absorbance, Ka is the association constant, A is HSA and B is the free dye, while ε~AB~ and ε~B~ are the molar extinction coefficient of the complex (dye-HSA) and molar extinction coefficient of the free dye.

For all the PA *in vitro* experiments, ultrasound frequency was set at 21 MHz, PA gain at 40 dB Photoacoustic spectra were acquired in the wavelength range from 680 nm to 970 nm with a step size of 5 nm, and persistence of 3. To register the photoacoustic spectra the solution was loaded in polyethylene tubes (PE-100) embedded in solidified agar (2% w/v, in milliQ water). An acoustic gel was used as coupling agent between the ultrasound transducer and the phantom. The photoacoustic signal of each dye was normalized by the signal of a diluted solution of India Ink set as reference and reported as $\frac{{PA}_{CA}}{{PA}_{India\, Ink}}$. Photoacoustic signals at the maximum absorption wavelength of the contrast agents in glucose solution and serum were plotted *vs*. dye concentration to evaluate photoacoustic efficiency and the slopes were compared.

Integrin-mediated cell interaction of ICG-RGD was evaluated on the high α~V~β~3~-expressing cell line WM-266 \[[@bib0130]\]. Non-conjugated ICG was used as negative control. 5 × 10^4^ WM-266 cells were allowed to attach overnight to 96‐well plates. ICG 1 μM (Cardiogreen, dye content 86%, Sigma-Aldrich) and ICG-RGD 1 μM were incubated at 37 °C for 30 min, with or without the addition of 100 μM of the high-affinity integrin-binding commercial peptide c(RGDfK) (Bachem). Then, the plate was washed three times with EBSS and analyzed with the IVIS Instrument SPECTRUM and the average radiance was quantified in each well.

2.5. ICG-RGD and ICG in U-87MG and A431 tumor bearing mice {#sec0035}
----------------------------------------------------------

ICG and ICG-RGD (200 nmol in 0.2 mL) were intravenously injected in the tail vein in U-87MG- and A431-bearing mice (n = 5/group). PAI acquisition parameters were: PA Gain 44 dB, persistence 3, spectrum from 680 to 970 nm, with step-acquisition every 5 nm. Photoacoustic spectra were acquired over a cross-section of the tumor at 10 min, 30 min and 1, 4 and 24 h after probes administration. *In vivo* OI experiments were performed 2 and 24 h after probe injection. After the last *in vivo* imaging acquisition and five minutes before sacrifice, mice were injected with FITC-albumin fluorescent dye solution (10 mg/mL, Sigma-Aldrich) at the dose of 100 mg/kg (administration volume 10 mL/kg) into the tail vein. For each group, tumor, brain, lung, liver, kidneys, heart and spleen were excised for *ex vivo* OI acquisitions. Tumors were embedded in OCT (Bio-Optica, Milano) medium and the entire tissue blocks were fresh-frozen in ice-cold isopentane. Cryosections obtained from the OCT blocks were visualized with the use of the Axio Zoom V16 (Carl Zeiss Microscopy GmbH) fluorescence microscope.

Photoacoustic image analysis was performed with the VevoLAB software package (Visualsonics). The signal intensity within the ROIs was reported as photoacoustic signal (spectral unmixing). For OI experiments, the analysis was performed with the Living Image IVIS software. The signal intensity was reported as average radiance efficiency (p/s/cm^2^/sr)/(μW/cm^2^). ROIs were drawn in the tumor region. In order to be consistent with PAI measurements, where the tumor signal is not background-corrected, no background correction was used in the evaluation of OI experiments.

2.6. *Ex-vivo* tumor characterization {#sec0040}
-------------------------------------

An additional cohort of animals (n = 4 for western blot and n = 4 for immunofluorescence) was used to further characterize the tumors. The same protocol adopted for tumor preparation for imaging (Section [2.2](#sec0020){ref-type="sec"}) was applied. Western blot was used to assess integrin expression in tumors by evaluating the biomarker subunit β~3~ \[[@bib0135]\]. The total protein extract was loaded in a 10% polyacrylamide gel and electrophoresis in denaturing conditions (20% SDS) was carried out. Proteins within the gel were transferred onto a nitrocellulose membrane and subsequently blotted with the antibody anti-β~3~ (Cell Signaling, Leiden, Germany). The specific signal generated by the anti-β~3~ antibody was visualized as a single band at 87 kDa. The images of the labelled nitrocellulose were acquired with the ChemiDoc MP Imaging system and the area of the band relative to the β~3~ expression level was quantified with the software Image Lab v.4.1. The resulted quantification of the β~3~ subunit was normalized to the relative tumor weight. Immunofluorescence was performed to evaluate tumor vascularization by specific immunostaining of endothelium on tumor sections. Labeling was performed on fixed tissues slice incubating antibody anti-CD105 (Abcam, Cambridge, USA) 3 h at RT in 1% BSA. Afterwards, tissue slices were incubated with the secondary antibody.

2.7. Statistical analysis {#sec0045}
-------------------------

Data are expressed as mean ± standard deviation. Differences between groups were analysed using unpaired, two-tailed Student's *t*-test, 1-way and 2-way analysis of variance (ANOVA) followed by Bonferroni post-hoc test, whenever appropriate. A p-value \< 0.05 was considered significant.

3. Results {#sec0050}
==========

3.1. Synthesis and characterization of ICG-RGD {#sec0055}
----------------------------------------------

ICG was conjugated to cRGD exploiting the reaction between the NHS ester-activated dye and the primary amine of the molecular vector ([Fig. 1](#fig0005){ref-type="fig"}A). The main peak corresponded to the expected reaction product, ICG-RGD ([Fig. 1](#fig0005){ref-type="fig"}B, retention time: 23.15 min; *m/z*: 1250). Reaction by-products (ICG−COOH, RT 26.18 min, *m/z* 738; ICG-NHS, RT 29.05 min, *m/z* 828; ICG−COOCH~3~, RT 29.50, min, *m/z* 745) were eliminated by HPLC purification with a final ICG-RGD purity of 83% ([Fig. 1](#fig0005){ref-type="fig"}B and C). ICG and ICG-RGD showed comparable maximum absorption peak and comparable fluorescence quantum efficiency both in glucose solution (1.5 ± 0.04% and 1.22 ± 0.11%) and serum (7.76 ± 0.59% and 7.10 ± 0.28%). The fluorescence efficiency of ICG and ICG-RGD showed a 5-fold increase when incubated in Seronorm*^TM^* compared to glucose solution. Moreover, ICG and ICG-RGD showed similar affinity to HSA (K~A~ = 5.04 × 10^5^ ± 5.6 × 10^4^ M^−1^ for ICG and 2.19 × 10^5^M^-1^ for ICG-RGD). Both contrast agents showed a maximum photoacoustic peak at 800 nm in glucose solution 5.5% and serum ([Fig. 2](#fig0010){ref-type="fig"}A). Both ICG-RGD and ICG showed a strong PA signal in glucose solution, but their PA signal in serum decreased substantially, probably due to the serum protein interactions and consequent fluorescence quantum yield increase. The photoacoustic signal *vs*. concentration slope (expressed as μM^−1^) in glucose solution was 1.13 ± 0.06 for ICG and 1.24 ± 0.24 for ICG-RGD; while in human serum it was 0.060 ± 0.002 for ICG and 0.040 ± 0.004 for ICG-RGD ([Fig. 2](#fig0010){ref-type="fig"}B). The interaction of ICG-RGD to integrin receptors was confirmed by incubation of ICG-RGD and ICG on high α~v~β~3~-expressing WM-266 cells. The WM-266 cells displayed a greater fluorescent signal after incubation with ICG-RGD than ICG, suggesting an integrin-dependent interaction. Moreover, incubation of cells with both ICG-RGD and the integrin-binding peptide c(RGDfK) reduced the cell interaction of ICG-RGD, almost to the level observed after incubation with unlabeled-ICG ([Fig. 2](#fig0010){ref-type="fig"}C).Fig. 1**Synthesis of ICG-RGD**. A) Scheme of synthesis; B) UV--vis trace of HPLC chromatogram of ICG-am-cRGD in DMF before purification extracted at 787 nm; C) UV--vis trace of HPLC chromatogram of ICG-am-cRGD extracted at 787 nm in MilliQ/DMF 2:1 after purification.Fig. 1Fig. 2**Optical and photoacoustic characterization and WM-266 cells interaction.** A) Absorbance (continuous line) and photoacoustic normalized spectra (dashed line) of ICG and ICG-RGD in glucose solution 5.5% (left) and albumin bound (right); B) Photoacoustic signal at maximum wavelength measured in glucose solution (left panel) and in human serum, after 1 h incubation at RT (right panel). C) Representative optical image (left) and quantification (right) of WM-266 cells interaction after incubation for 30 min with 1 μM of either ICG or ICG-RGD, with or without co-incubation with 100 μM of the unlabelled peptide c(RGDfK). \*P \< 0.0001, 1-way ANOVA followed by Bonferroni post-hoc test.Fig. 2

3.2. Tumor uptake in animal models of human cancer {#sec0060}
--------------------------------------------------

In U-87MG tumor bearing mice the photoacoustic signal after injection of ICG and ICG-RGD peaked 15 min post-injection, but already at 60 min ICG showed a 70% signal reduction compared to 15 min, while the signal of ICG-RGD was still elevated ([Fig. 3](#fig0015){ref-type="fig"}). ICG-RGD showed sustained tumor uptake up to 24 h post-injection, likely due to the integrin-mediated accumulation of the probe ([Fig. 3](#fig0015){ref-type="fig"}B). ICG-RGD was then tested in A431-tumor bearing mice. In these tumors, a strong signal was observed at 15 min post-injection with a statistically significant difference compared to baseline, while at later timepoints the signal rapidly decreased. At 24 h post injection, the ICG-RGD signal in U-87MG was 25 times greater than the signal in A431 ([Fig. 3](#fig0015){ref-type="fig"}B). OI experiments were performed to corroborate the photoacoustic imaging results ([Fig. 4](#fig0020){ref-type="fig"}). ICG showed a strong signal after 2 h but at 24 h post injection the signal decreased substantially. ICG-RGD showed similar behaviour in both A431 and U-87MG tumors after 2 h, but a greater signal was observed in U-87MG after 24 h. *Ex vivo* imaging of harvested organs showed that 24 h post-injection ICG accumulated mainly in liver and kidney. ICG-RGD showed a strong signal in the kidneys, while a higher signal was observed in U-87MG tumors compared to A431, supporting *in vivo* results ([Fig. 4](#fig0020){ref-type="fig"}).Fig. 3***In vivo* photoacoustic imaging**. A) Representative PA images of the tumor region acquired 15 min, 60 min and 24 h post injection and spectrally unmixed with VevoLAB. The ROIs used for data analysis are indicated in red; B) PA signal of tumor region at different timepoint after injection (n = 5/group). \*P \< 0.01, \*\*P \< 0.001, ns P \> 0.05, 2-way ANOVA repeated measures followed by Bonferroni post-hoc test.Fig. 3Fig. 4***In vivo* and *ex vivo* optical imaging**. A) Representative gray-scale *in vivo* optical imaging of tumor bearing mice 2 h (left panel) and 24 h (right panel) after administration of ICG and ICG-RGD (n = 5/group) in U-87MG and A431 tumor bearing mice. Lower panels represent *ex vivo* optical image of tumor (1), brain (2), heart (3), lung (4), kidney (5), liver (6) and spleen (7), and of A431- and U-87MG- tumor bearing mice injected with ICG and ICG-RGD; B) Representative *in vivo* optical images of tumor bearing mice 2 h (left panel) and 24 h (right panel) after administration of ICG and ICG-RGD (n = 5/group) in U-87MG and A431 tumor bearing mice. Lower panels represent *ex vivo* optical image of tumor (1), brain (2), heart (3), lung (4), kidney (5), liver (6) and spleen (7), and of A431- and U-87MG- tumor bearing mice injected with ICG and ICG-RGD. C) OI signal *in vivo* of tumor region at different timepoint after injection (n = 5/group). \*P \< 0.05, \*\*P \< 0.01, 2-way ANOVA repeated measures followed by Bonferroni post-hoc test. D) OI signal *ex vivo* of tumors after 24 h post injection (n = 5/group). § P \< 0.001, 1-way ANOVA repeated measures followed by Bonferroni post-hoc test.Fig. 4

U-87MG tumors displayed higher levels of integrin β3 expression compared with A431 tumors, as evaluated by western blot experiments ([Fig. 5](#fig0025){ref-type="fig"}A). Immunofluorescence images highlighted high and widespread vascularization in U-87MG tumors, while on A431 sections such vascularization was limited. The percentage of area covered by blood vessels in tumor section was about 8% for U-87MG, while a smaller stained area was detected for A431 tumors (\<4%) ([Fig. 5](#fig0025){ref-type="fig"}B). Cryosections obtained from U-87MG tumors excised 24 h after ICG and ICG-RGD injection were further evaluated to assess the microscopic distribution of the probes ([Fig. 5](#fig0025){ref-type="fig"}C), together with the distribution of FITC-HSA, which was used as an estimation of the permeability of the tumor. For ICG, only a patchy and weak signal was observed at 24 h post-injection, while a strong ICG-RGD signal was present throughout the cryosection confirming the imaging findings. Of note, while CD105 reports for vascularization, FITC-HSA assess the permeability of the vessels in the tumor, hence accounting for the distribution of the probes, due to their specific HSA-binding capability.Fig. 5**Tumor characterization**. A) Immunoblotting of U-87MG and A431 tumor extracts. A calibration curve of human purified integrin β~3~ subunit was used to assess the protein content in the tumors, β-actin was used as loading control. The graph shows the amount of β~3~ normalized to the tumor weight for U-87MG and A431 tumor (n = 4). B) Immunofluorescence staining of the endothelial marker CD105 on U-87MG and A431 tumor cryosections. The graph shows the percentage of area covered by CD105-positive vessels relative to the whole tumor area (n = 4). Scale bar: 500 μm. \*\*P \< 0.0001, unpaired, two-tailed Student's *t*-test. C) Fluorescence distribution of ICG and ICG-RGD in U-87MG tumor cryosections. A high fluorescence signal was detected in tumors from animals injected with ICG-RGD (right), while only low signal was visible after ICG administration (left).Fig. 5

4. Discussion {#sec0065}
=============

PAI has gained increasing interest in recent years in the field of diagnostic applications. The primary contrast mechanism explored in photoacoustic imaging has been and still is that of endogenous molecules and tissue components such as hemoglobin, oxy-hemoglobin, melanin, bilirubin, lipids, and water. Very few exogenous contrast agents have been evaluated for PAI up to clinical level. Of those, even less possess targeted properties for molecular imaging applications. Several small molecule dyes that absorb in the NIR window can be used for PAI to report on normal physiology as well as pathophysiological events. For example, Indocyanine green (ICG) \[[@bib0035]\], Evans blue and Methylene blue \[[@bib0140]\] are clinically available dyes and may be adopted for PAI. However, these molecules show several drawbacks that make them not ideal for PAI. ICG has very short blood half-life (\<3-5 min in human), low photostability, and low solubility in aqueous media with strong tendency to form aggregates that strongly limits its use. Evans blue and Methylene blue have been used for PAI but are limited by their relatively blue-shifted absorption peak \[[@bib0025]\]. Other NIR dyes, not approved for human use, like IRDye800CW \[[@bib0145]\], AlexaFluor750 \[[@bib0150]\], ATTO740 \[[@bib0155]\], IR780 \[[@bib0160]\] and others \[[@bib0165],[@bib0170]\] have been recently investigated as photoacoustic probes, either as is or chemically bound to biomolecules to generate targeted contrast agents. All these examples show the feasibility of using small NIR dyes for PAI and for tumor detection. In this work, the novel photoacoustic contrast agent ICG-RGD was synthesized, characterized *in vitro* and evaluated in animal models of human cancer. The novel probe shows superior biodistribution, tumor uptake properties and diagnostic value compared to the untargeted dye ICG. Furthermore, the novel probe allows to discriminate noninvasively between tumors with high and low integrin α~v~β~3~ expression, therefore it may be useful as contrast agent for photoacoustic molecular imaging of tumor angiogenesis.

The first step in the evaluation process of novel contrast agents for photoacoustic imaging is the assessment of the optical properties. Favourable properties for a photoacoustic contrast agent are high molar extinction coefficient and low fluorescent quantum yield \[[@bib0025]\]. However, besides the abovementioned physicochemical properties, other determinants, such as kinetics of non-radiative deactivation, triplet state contribution and photobleaching, need to be considered when determining a molecule\'s ability to convert light energy into heat \[[@bib0175]\], as required to generate high PA signal. Optical properties are strongly affected by the interaction of the dye with the biological matrix. For example, the increase of fluorescence quantum yield after albumin binding is an effect well characterized and reported in literature \[[@bib0180]\]. This phenomenon is due to the placement of the fluorophore into a rigid environment (bound to albumin) and to the different polarity of the media \[[@bib0185]\]. Indeed, the fluorescence quantum yield of ICG and ICG-RGD strongly increases after incubation in albumin. Thus, ICG and ICG-RGD showed a photoacoustic signals in serum significantly lower than in glucose solution due to their strong interaction with plasma proteins \[[@bib0180]\] and consequent increase of fluorescent quantum yield. Besides the optical properties, albumin binding affinity strongly affects the biodistribution and tumor uptake of the dyes. In living biological systems albumin is the predominant protein in blood, and have been known to act as a carrier to transport a variety of biologically-active species, including drugs \[[@bib0190]\]. However, despite the similar albumin binding affinities, ICG-RGD and ICG displayed different body clearance and tumor uptake, suggesting that chemical modifications (*i.e.*, coupling with a RGD-moiety) may strongly affect biodistribution and blood circulation time of ICG-based fluorophores, probably because a reduced capitation from the liver. Of note, the optical and photoacoustic properties of ICG are not significantly affected by the coupling with the RGD cyclic peptide. The photoacoustic signal of ICG-RGD in glucose solution and serum is indeed comparable to free ICG. Both ICG-RGD and ICG showed high PA signal in U-87MG tumors already after 15 min, suggesting that in this early vascular phase the two contrast agents diffuse similarly. One can postulate that this similarity is due to the comparable albumin-binding properties of the two molecules that strongly affect the early enhancement phase of contrast agents. Differently, at later time-points, only the ICG-RGD signal remained elevated in the integrin-overexpressing tumors, suggesting greater tumor retention possibly due to target-mediated cell internalization.

ICG-RGD strongly accumulated in U-87MG tumors thanks to the high vascularization of this xenograft model, which facilitates the distribution of the probe in the tumor tissue, and to the overexpression of the target α~v~β~3~ integrin, which contributes to the specific retention of the fluorescent contrast agent. The *in vitro* interaction assay confirmed the specific binding of ICG-RGD to integrin-overexpressing cells, particularly the strong reduction of cell uptake after co-incubation with the well-known competitor cyclic pentapeptide c(RGDfK). Not surprisingly, ICG-RGD showed different behaviour after injection in A431 (low α~v~β~3~ expression \[[@bib0195]\]) and U-87MG (high α~v~β~3~ expression \[[@bib0200]\]) tumor-bearing mice. The PA signal of ICG-RGD in A431 tumors rapidly decreased after injection, while the PA signal in U-87MG plateau already after 30--60 min and is stable up to 24 h post injection. At this time-point, the ICG-RGD signal in U-87MG was 25 times greater than the signal in A431. Optical imaging experiments confirmed these results; after 24 h, a greater signal was registered for U-87MG compared to A431. The first attempt to image α~v~β~3~ with RGD-based photoacoustic probes was conducted by de la Zerda et al. in 2008 \[[@bib0205]\]. They showed that single-walled carbon nanotubes (SWNT) conjugated with cyclic Arg-Gly-Asp (RGD) peptides can be used as a contrast agent for photoacoustic imaging of integrin-overexpressing tumors. However, the clinical translation of a nanosystems like SWNT may be challenging. Recently, Zhang et al. reported the development and evaluation of an Atto740-labeled cysteine knot peptide, which selectively binds integrin α~v~β~6~ with high affinity, for photoacoustic and fluorescence imaging. The new dual-modality probe may find clinical application in cancer diagnosis and intraoperative imaging of integrin α~v~β~6~-positive tumors \[[@bib0210]\]. In 2017 Grimm et al proposed a black hole quencher^®^ (BHQ) bound to an integrin binding vector, and demonstrate its efficacy in U-87MG tumors bearing mice performing imaging with a high-resolution raster-scan optoacoustic mesoscopy (RSOM) \[[@bib0215]\].

It has to be pointed out that integrin photoacoustic imaging has been already demonstrated with MSOT \[16a\]. In this seminal work, a commercially available Near-infrared (NIR) fluorescent preclinical agent, (Perkin Elmer) was used for MSOT imaging of tumor angiogenesis. The Integrisense750 probe has been specifically developed for optical imaging applications, and it is therefore characterized by a high quantum yield, making it suboptimal for PAI applications. The superior imaging capabilities of the MSOT setup allowed indeed for the visualization of the probe in the preclinical lesions. The ICG-RGD probe presented in this work relies on the physico-chemical characteristics of the ICG dye, which are known to be more suitable for PA imaging. Thanks to our RGD peptidomimetic moiety that has been specifically developed and synthetized in house, we have been able to design an optimized probe for PAI applications, and we have been able to visualize it *in vivo* in a hand-held (*i.e.* non-tomographic) setup.

The application field of these integrin targeted probes is enormous. The ICG-RGD could find application in diagnostic imaging and fluorescence guided surgery.

4.1. Limitations of the study {#sec0070}
-----------------------------

Shortcomings of this work include the lack of direct evidence for active targeting and uptake of ICG-RGD in *in vitro* experiments with cells overexpressing α~v~β~3~ integrins. We were not able to perform uptake experiments on ICG-RGD due to the very low sensitivity of our instrumentation at the ICG absorption and emission wavelengths. However, blocking experiments performed with the integrin-binding peptide c(RGDfK) reduced the cell interaction of ICG-RGD as assessed by *in vitro* OI experiments, almost to the level observed after incubation with unlabelled-ICG. These findings suggest an integrin-dependant interaction of ICG-RGD with WM-266 cells.

Another important limitation is related to the limited number of animals and the high mass dose of probe used for *in vivo* imaging experiments. The high mass dose was needed to detect photoacoustic signal *in vivo* because the limited sensitivity of the detection system. Nonetheless, a superior imaging performance was observed for the targeted probe ICG-RGD compared to the dye ICG for detecting tumor angiogenesis in integrin-overexpressing xenografts. Furthermore, *in vivo* photoacoustic imaging showed strong signal only at the edge of the tumor, suggesting poor probe penetration. However, a strong accumulation of the probe was clearly visible throughout the tumor in *ex vivo* sections. This discrepancy can be related to a suboptimal reconstruction of the photoacoustic signal in a deeper region of the tumor, with higher tissue attenuation and probably a lower probe concentration compared to the outmost regions of the tumor. This uneven distribution of the probe in the tumor is confirmed by the visualization of FITC-HSA, which was used as an estimation of the permeability of the tumor

We have tried to overcome such limitations by restricting our PAI analysis on ROIs close to the PAI/US probe, by validating our results with *ex vivo* techniques and, most importantly, by performing supportive OI experiments both *in vivo* and *ex vivo*. All our experimental findings (including PAI results) allowed us to confirm that ICG-RGD is selectively retained in tumors overexpressing α~v~β~3~ integrins.

5. Conclusions {#sec0075}
==============

A novel integrin-targeting molecular probe for photoacoustic imaging based on well-known and clinically available dye ICG was successfully synthetized and evaluated *in vitro* and in animal models of human cancer. Such proof-of-concept may pave the road to the development of new targeted contrast agents with optical, physicochemical and biological properties optimized for photoacoustic imaging.
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